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associated with quantitative genetics have tremendously improved today's broiler [1] [2] [3] [4] . These improvements in broiler performance have lowered the production days required to meet "targeted demands" for respective markets, while keeping production prices similar to that of the early 1950s [4, 5] . However, improvements in genetic potential have resulted in changes in the nutritional requirements for broilers [6] . Therefore, it is also plausible that feed quality (FQ) should be adjusted to maximize broiler performance due to improvements in current genotypes.
Feeding pelleted diets is a common practice in today's broiler industry due to a magnitude of research demonstrating performance benefits associated with this improved FQ [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] . However, FQ presented in the early phases of a broiler's life is often less of a concern in the commercial industry, with a smaller crumble particle size being typically implemented to ensure feed consumption. Though, the starter phase (<14 d) represents a critical stage in a broiler's lifecycle. During this phase, the gastrointestinal tract, particularly the small intestine, is forming at a tremendous rate [17] . Due to the decreased time required for reaching targeted markets, gastrointestinal tract formation in the starter phase is critical for improved digestion to maximize performance [5, 18] . Additionally, digestive enzyme efficacy is limited during the early stages of a broiler's life, creating a major concern surrounding the digestion and absorption of nutrients [19] .
While it has been generally accepted that broilers consume feed based on beak capacity [20, 21] , research identifying the optimal particle size is void. Abdollahi and Ravindran [22] outlined the potential to improve broiler performance in different growth phases by determining the optimal particle size for each respective phase. Due to the vast improvements in commercial broilers genetics, the optimal particle size may be larger than originally conceived by commercial integrators.
Research pertaining to starter FQ quality is limited in comparison to research pertaining to the finishing growth phases. Cerrate et al. [23, 24] demonstrated improvements in BW and FCR when providing improved FQ (i.e., micropellets or crumbles) during the prestarter (0 to 7 d) and starter growth phases (0 to 13 d). Additionally, Lemons and Moritz [14] demonstrated improvements in day 0 to 10 FCR when broilers were provided a crumble of 1,191 vs. 951 μm.
Recently, Lemons et al. [25] demonstrated improvements in 0 to 14 d BW, BW gain, and FCR when feeding crumbles of 1,785 vs. 988 μm. One major finding from this work was the impact of starter FQ to interact with FQ presented in the finisher growth phase to influence 46 d BW. An interaction within this work demonstrated the importance for integrators to be cognizant of FQ presented during the early stages of a broiler's life. While previous research has demonstrated improvements in early performance when broiler chicks were provided improved FQ (i.e., larger crumble particle size or micropellets), comparisons of results between studies is difficult due to differences in methodology for feed manufacture. Differences in genetic strains and failure to adequately describe average particle size and the resulting distribution (standard deviation) of feed further complicate this comparison. Additionally, the effects of average feed particle size on gastrointestinal tract morphology are not well documented in the previous literature in comparison to the effects of ingredient particle size on gastrointestinal tract morphology. It is of interest to determine if varying average feed particle size results in similar mechanisms of action on gastrointestinal morphology as previously demonstrated for ingredient particle size. Therefore, 2 experiments were conducted to determine the effects of average feed particle size on 0 to 14 d Ross × Ross 708 male broiler gastrointestinal morphology and performance; with the primary objective being determination of the optimal starter average particle size.
MATERIALS AND METHODS
For this research, 2 experiments were conducted that utilized common feed manufacture and bird husbandry techniques, which are described in the sections below. When appropriate, methods specific to a particular experiment are noted. Prior to conducting this study, the authors sampled starter diets from local integrators in Mississippi and Alabama to obtain a baseline for an industry relevant control treatment. The average particle size obtained from this sampling was approximately 1,200 μm (unpublished data).
Feed Manufacture
Diet Preparation. Feed was manufactured at the West Virginia University pilot feed mill and transported to the Mississippi State University poultry research unit for the live performance experiments. One nutritionally common diet (Table 1) was batched (n = 2/experiment) and mixed (10 min dry mix; followed by a 10 min wet mix) using a 1-ton vertical single screw mixer (mixer capacity = 907.2 kg) 1 . A common diet formulation (Table 1) based on commercial relevant ingredients that met/exceeded broiler recommendations [26] was utilized in both experiments.
Treatment Creation. Diets were steam conditioned using a 1.3 × 0.31 m 2 short-term (10 s) California Pellet Mill conditioner at 82
• C and extruded through a 4.76 × 44 mm 2 pellet die driven by a 40-horsepower California Pellet Mill 2 . Pelleted diets were sacked off, weighed to 22.68 kg, then sequentially and evenly distributed to pallets designated for each starter feed particle size. This was performed in an effort to create a homogeneous mixture prior to crumbling, to eliminate potential confounding effects. Production rate was determined by measuring pellet volume post extrusion for a 60 s sampling period. A New Holmen Pellet Tester was utilized to determine percent survivability of pellets 3 . This assay was performed in duplicate, 24 h post pelleting, for each batch of production (n = 2/experiment). The average production rate and percent survivability of pellets is located in Table 2 .
Particle sizes associated with each treatment were created using a single stage crumbler, with varying gap widths, for both experiments 4 . In Experiment 1, rolls were adjusted to a gap width (almost touching) that would produce a small average particle size for creation of Treatment 1. Treatments 2 through 5 were created by incrementally increasing the gap width of rolls by 1 4 turn, in chronological order. In Experiment 2, the opposite approach was conducted. Rolls were adjusted to a large gap (∼4 mm width) where pellets would be partially crumbled for the creation of the largest average feed particle size 1 3 Survivability of pellets was assessed one day following production using the New Holmen Portable Pellet Durability Tester, NHP100, Tek Pro Limited, Norfolk, UK. 100 g of sifted pellets (using No. 5 ASAE screen) were placed in holding chamber, blown for 30 s by a jet of air, then weighed, giving a direct read of pellet durability. Fines are removed during the blowing process. 4 Badger. Model Unknown. Genoa, WI. Pellets were sifted through No. 5 American Society of Agricultural Engineers (ASAE) screen and 100 g of sifted pellets were placed in holding chamber, blown for 30 s by a jet of air, then weighed, giving a direct read of pellet survivability. Fines are removed during the blowing process. 4 Determined using ASAE S319.2 in Tyler RO-TAP RX-29 for 10 min processing period; performed in duplicate. 5 Representative sample was hand sifted through ASAE #5 and #14 sieve column. 6 Pellets-Feed retained on #5 sieve. 7 Crumbles-Feed retained on #14 sieve. 8 Fines-Feed unretained on #14 sieve.
(Treatment 8). The gap width between the rolls was then decreased by 1 4 turn, in sequential order to create Treatments 7 through 1. This approach was used in an effort to create a stepwise decrease in particle size. Average particle size and particle size standard deviation were determined using a Tyler RO-TAP RX-29 for a 10 min processing period and performed in duplicate using ASAE method S319.2 5 [27]. Average particle size and standard deviation of treatments for each experiment are also located in Table 2 .
Due to the larger particle size treatments utilized in Experiment 2, classification of percent pellets, crumbles, and fines was performed using the methodology described by Lemons and Moritz and Glover et al. [14, 15] . Descriptive data from sieve classification for Experiment 2 are also located in Table 2 . It should be noted that for Experiment 2, as treatment average particle size increased, percent pellets increased, whereas percent crumbles and fines decreased. However, for the 4 largest particle sizes, the percentage of fines remained relatively constant.
Live Performance
All methodologies utilized in the current experiments were compliant with the Mississippi State University Institutional Animal Care and Use Committee (IACUC #15-099). Experiment 1 was conducted in the winter; whereas, Experiment 2 was conducted in the early spring. Experiment 1. A total of 1,600 Ross × Ross 708 male broilers were obtained from a commercial hatchery 6 and equally (randomly) allocated to 80 pens (0.91 × 1.22 m 2 ; 16 pens/treatment; 20 birds/pen). Broilers were reared using the environmental recommendations outlined by Aviagen [28] in pens containing used litter that had been top-dressed with pine shavings. Broilers were offered feed for ad libitum consumption on feed trays from 0 to 7 d and transitioned to tube feeders on day 7. Mortality was collected twice daily; broilers and tube feeders were individually weighed at day 14. Performance variables measured included feed intake/bird (FI), body weight gain/bird (BWG), ending BW, mor-tality corrected FCR, percent mortality, and day 14 pen CV of ending BW. Experiment 2. A total of 1,920 Ross × Ross 708 male broilers were obtained from a commercial hatchery 6 and equally (randomly) allocated to 96 pens (0.91 × 1.22 m 2 ; 12 pens/treatment; 20 birds/pen). Methodology utilized in Experiment 1 was mirrored in Experiment 2, with the only difference being the addition of a day 7 weight to calculate the following: FI (day 0 to 7, day 7 to 14, and day 0 to 14), BWG (day 0 to 7, day 7 to 14, and day 0 to 14), ending BW (days 7 and 14), mortality corrected FCR (day 0 to 7, day 7 to 14, and day 0 to 14), percent mortality (day 0 to 7, day 7 to 14, and day 0 to 14), and pen CV of ending BW (days 7 and 14).
Gastrointestinal Morphology Experiment 1. After individual weighing occurred on day 14, pen means were determined. A total of 1 bird/pen (±10 g of the pen's mean BW) was selected and tagged for day 15 gastrointestinal morphology measurements (16 replications/treatment). Broilers were euthanized via CO 2 asphyxiation, individually weighed, and respective organs were excised. Variables measured included duodenum, jejunum, and ileum length as well as the weights of the gizzard, proventriculus, pancreas, duodenum, jejunum, and ileum for determination of relative organ weight (relative to broiler BW). The pH of the gizzard and terminal ileum contents was determined utilizing a pH probe 7 prior to removal of the digesta for weighing of organs to occur. Experiment 2. Similar to Experiment 1, on day 14, 1 bird/pen (±10 g of the pen's mean BW) was selected and tagged for day 15 gastrointestinal morphology measurements (12 replications/treatment). All other methodology and variables were consistent with that described for Experiment 1.
Statistical Analysis
Experiment 1 consisted of 5 treatments, whereas experiment 2 consisted of 8 treatments; however, for both experiments, treatments 7 Accument AP110. Fisher Scientific, Hampton, NH.
varied only in average feed particle size (Table 2) . Treatments were fed from 0 to 14 d in both experiments. For each experiment, all variables were analyzed with a randomized complete block design using one-way ANOVA [29] . Blocking criterion (n = 16 for Experiment 1; n = 12 for Experiment 2) consisted of location of pens within the house. Significantly different treatment means (P < 0.05) were further analyzed using Fisher's protected LSD multiple comparison test. Alpha was designated as 0.05, and letter superscripts were used to denote differences among treatment means. Additionally, linear, quadratic, and cubic regression analyses were performed for each metric using treatment means (n = 5 for Experiment 1; n = 8 for Experiment 2).
RESULTS AND DISCUSSION
Gastrointestinal Morphology Experiment 1. Comparisons of average feed particle effects on day 15 gastrointestinal morphology and relative organ weight are presented in Table 3 . While differences in day 15 organ weights were present (data not presented), when placed on a relative weight basis, only relative jejunum weight was influenced by average particle size (P = 0.039, Table 3 ). Broilers receiving feed of 1,760 μm resulted in the highest relative jejunum weight in comparison to all other treatments (P = 0.039, Table 3 ). Although the effects of ingredient particle size on gastrointestinal morphology are well established [30] [31] [32] , research examining the effects of average feed particle size on gastrointestinal morphology is not present in recent literature making comparisons with the current study difficult. Nir et al. [33] demonstrated lower relative duodenum weights when broilers were presented a diet consisting of "coarse" particles. While these aforementioned findings were present for the duodenum weight, it is an interesting comparison, as the current study demonstrated an opposite effect with an increased relative jejunum weight as broilers were fed a larger feed particle size (i.e., 1,760 μm). However, this effect was not consistent for broilers receiving the highest average particle size of 2,172 μm; making an associated mechanism of action difficult to describe.
Broilers receiving an average feed particle size of 1,202 μm resulted in a significantly lower ileum pH than other treatments, with 1,760 μm performing intermediate (P = 0.004, Table 3 ). Due to limited research concerning average feed particle size effects on pH measurement in the gastrointestinal tract, the authors chose to compare the current data to that pertaining to ingredient particle size effects on pH. For corn particle size, Nir et al. [34] demonstrated a lower intestinal pH when mash diets were fed, which is in agreement with the current study. While previous research examining the effects of ingredient particle size has primarily focused on gizzard pH, which was not significant in the current experiment, perhaps the mechanism of action occurring for ileum pH can partially be explained. Research has demonstrated that feeding fine particles results in decreased retention time in the gizzard making it more of a transit organ rather than a grinding organ [35, 36] . Feeding coarse particles impacts gut motility, increasing the retention rate in the gizzard and thus the remaining intestine, allowing more digestive enzymes to act upon the substrate once reaching the small intestine [36] [37] [38] . While one would believe this decreased time in the gizzard would result in a higher pH (less acidic), perhaps the decreased retention time in the gut would result in less opportunity for pancreatic buffers to neutralize the pH, explaining the lower ileum pH associated with broilers receiving feed an average of 1,202 μm. Experiment 2. Comparisons of average feed particle effects on day 15 gastrointestinal morphology and relative organ weight are presented in Table 4 . It is important to note that while not significant, a trend for relative jejunum weight was also demonstrated (P = 0.052, Table 4 ). Conversely, ileum pH was not significant as demonstrated in Experiment 1. However, a cubic relationship was found in the current experiment for duodenum length (P = 0.034, R 2 = 0.727, Table 4 ).
Both experiments employed measurements (e.g., small intestine lengths, pH, and relative organ weight) commonly implemented in previous literature examining the effects of ingredient particle size on gastrointestinal morphology [36, 39] . However, differences in gastrointestinal morphology due to average feed particle size Means within a column not sharing a common superscript differ (P ≤ 0.05).
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Treatments were created using one nutritionally common diet formulation that was pelleted (conditioned at 82
• C) and ground using a crumbler adjusted to create the desired particle size for each treatment. 2 pH measured before removal of digesta.
3 Digesta was emptied prior to recording organ weight. 4 Relative organ weight using the following equation: [(Organ Weight/BW)
× 100].
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Summation of duodenum, jejunum, and ileum were compared. Treatments were created using one nutritionally common diet formulation that was pelleted (conditioned at 82
• C) and ground using a crumbler adjusted to create the desired particle size for each treatment. 2 pH measured before removal of digesta. 3 Digesta was emptied prior to recording organ weight. 4 Relative organ weight using the following equation: [(Organ Weight/BW)
× 100]. 5 Summation of duodenum, jejunum, and ileum were compared. 6 Cubic R were not as pronounced as these aforementioned studies. Additionally, while relative organ weights in Experiment 1 were greater than observed in Experiment 2, the authors speculate that this may be partially due to differences in day 15 BW between the experiments, influencing resulting relative organ weights. Although the current study performed common morphology measurements to explain presumed differences in starter performance, no consistent changes in morphology were apparent for either experiment. Therefore, the current study suggests that differences in starter performance due to average feed particle size are not primarily caused by morphological changes within the gastrointestinal tract. Moreover, it may be that feed of that certain average particle sizes are more easily broken down in the gizzard, as compared to cereal grains. This may provide an explanation for the lack of significant differences in gastrointestinal morphology in the current study as compared to research examining the impact of ingredient particle size on gastrointestinal morphology.
Live Performance Experiment 1. Results for 0 to 14 d broiler performance are located in Table 5 . Starting pen weight (day 0) was not significant, allowing all performance benefits to be attributed to differences in average feed particle size (P = 0.809, Table 5 ). Broilers receiving an average feed particle size of 1,760 or 2,172 μm demonstrated improved 0 to 14 d FCR of approximately 0.03 (P = 0.0001, Table 5 ) as compared to treatments with a smaller average feed particle size (1,202; 1,135; or 1,675 μm).
Cerrate et al. [23, 24] demonstrated improvements in FCR when providing improved FQ (i.e., micropellets or crumbles) to Cobb 500 male broilers during the prestarter (0 to 7 d) and starter growth phases (0 to 13 d). Furthermore, Lemons et al. [25] recently demonstrated a 0.03 FCR reduction utilizing Ross × Ross 708 male broilers when feeding average particle sizes of 1,785 vs. 988 μm. Contrary to the current experiment, these researchers also found improvements in early (d ≤ 14) BW and BW gain when providing improved FQ to broilers [23] [24] [25] . However, similar to the current experiment, previous research [14] demonstrated a 0.06 improvement in 0 to 10 d FCR, when providing feed an average particle size of 1,191 vs. 951 μm to Hubbard x Cobb 500 broilers; although, no improvements in BW or BW gain were found. While some commonalities in the literature exist, some noteworthy differences also exist. For example, the FQ tested in the current experiment covered a broader range and interestingly enough, at times, less magnitude of benefit as compared to previous work [14, 25] .
In an effort to determine an optimal particle size for this experiment, regression analyses were conducted (Table 5) . Linear relationships demonstrated improved 0 to 14 d FCR as birds were fed increased average particle size (P = 0.034, R 2 = 0.822, Table 5 ). While not significantly different with the ANOVA analysis, day 14 CV of ending BW demonstrated a quadratic relationship in which chick uniformity decreased as particle size increased until 1,760 μm, with the beginning of a plateau from 1,760 to 2172 μm (P = 0.022, R 2 = 0.999, Table 5). While previous research has primarily focused on feeding different pellet percentages in the finishing phase, it is in agreement with the current experiment demonstrating decreased uniformity as FQ improved [14, 15, 25] .
The results from Experiment 1 suggest that integrators should provide an average feed particle size of 1,760 or 2,172 μm to improve 0 to 14 d FCR. However, based on the significant linear relationship for 0 to 14 d FCR, our main objective of determining the optimal average feed particle size for 0 to 14 d Ross × Ross 708 male broiler performance was not achieved. Therefore, Experiment 2 was conducted, to utilize a broader range of average particle sizes (including larger sizes), in an effort to determine this optimal particle size. Additionally, a day 7 weight was added to determine if compensatory growth was occurring for birds fed larger average particle sizes. Experiment 2. Results for 0 to 7 d, 7 to 14 d, and 0 to 14 d broiler performance are located in Table 6 . Similar to Experiment 1, improvements in FCR were apparent throughout the experiment. Supported by a linear relationship, FCR improved as average feed particle size increased (P < 0.0001, R 2 = 0.945, Table 6 ); however, the magnitude of these improvements was dependent on the day range of feed presentation. Feed conversion ratio was improved Table 5 . Experiment 1 comparisons of Ross × Ross 708 male broiler performance when fed starter diets varying in average feed particle size from day 0 to 14. Means within a column not sharing a common superscript differ (P ≤ 0.05).
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• C) and ground using a crumbler adjusted to create the desired particle size for each treatment. Table 6 . Experiment 2 comparisons of Ross × Ross 708 male broiler performance when fed starter diets varying in average feed particle size from day 0 to 14. Means within a column not sharing a common superscript differ (P ≤ 0.05).
• C) and ground using a crumbler adjusted to create the desired particle size for each treatment. Table 6 ). From 7 to 14 d there was further separation of treatments (P < 0.0001, Table 6 ). Broilers receiving an average particle size of 3,456 or 3,736 μm demonstrated a reduction of 0.02 to 0.05 in 7 to 14 d FCR to birds fed diets ranging in average feed particle size of 1,174 to 2,257 μm, with birds fed 2,800 μm performing similar to those fed 3,736 μm (P < 0.0001, Table 6 ). Finally, broilers receiving 3,456 or 3,736 μm resulted in the lowest FCR, with approximately 0.03 of associated improvement as compared to birds fed a smaller average particle size (1,174; 1,423; 1,883; or 2,049 μm; P < 0.0001, Table 6 ). Broilers receiving 2,257 or 2,800 μm had an intermediate 0 to 14 d FCR.
While both Experiments 1 and 2 demonstrated a general improvement in 0 to 14 d FCR as average particle size increased, Experiment 2 suggests that average particle size presented from 7 to 14 d may be more important in regards to 0 to 14 d FCR than average particle size from 0 to 7 d. Furthermore, Experiment 2 confirms that a larger particle size than tested in Experiment 1 (i.e., 2,172 μm) is optimal for enhanced 0 to 14 d FCR. It is important to note that while FCR for all particle sizes tested in Experiment 2 were improved in comparison to those in Experiment 1, the same trend of FCR improving as particle sizes increased was demonstrated. While it is likely that a further magnitude of improvement demonstrated in Experiment 2 was attributed to better environmental conditions (e.g., early spring), both experiments confirm that feeding a larger average feed particle size plays a vital role in improving starter 0 to 14 d FCR.
In contrast to Experiment 1, improvements in BW gain and ending BW were demonstrated throughout this experiment (P < 0.0001, Table 6 ). Linear relationships supported that as average feed particle size improved, 0 to 14 d BW gain (P = 0.002, R 2 = 0.837) and day 14 ending BW (P = 0.002, R 2 = 0.836) improved (Table 6 ). Broilers fed an average feed particle size of 1,883 μm or larger resulted in an approximate 8 g improvement in 0 to 7 d BW gain as compared to chicks fed 1,174 or 1,423 μm (P < 0.0001, Table 6 ). However, broilers receiving 2,800 μm feed resulted in a greater 0 to 7 d BW gain in comparison to broilers fed 1,883 μm, with broilers fed 2,049; 2,257; 3,456; and 3,736 μm treatments performing intermediate (P < 0.0001, Table 6 ). While day 7 ending BW demonstrated a similar numeric response as 0 to 7 d BW gain, it is important to note that broilers receiving diets with an average feed particle size of 1,423 μm performed similar to those fed 1,883 or 2,257 μm. However, broilers receiving an average feed particle size of 2,800 μm resulted in the highest day 7 ending BW; this was an 11 g improvement to broilers fed 1,174 μm (P < 0.0001, Table 6 ).
Similar to 7 to 14 d FCR, further separation among average particle size treatments for 7 to 14 d BW gain was observed (P < 0.0001, Table 6 ). Broilers receiving a larger average particle size (2,800; 3,456; or 3,736 μm) resulted in improved 7 to 14 and 0 to 14 d BW gain, as well as day 14 ending BW by approximately 30 g as compared to broilers fed 1,174 or 1,423 μm (P < 0.0001, Table 6 ). Broilers fed intermediate particle size (1,883; 2,049; or 2,257 μm) performed similar to those fed 3,456 μm. However, birds fed these intermediate average particle size treatments did not perform similar in regards to 7 to 14 BW gain, but did in regards to 0 to 14 d BW gain or day 14 ending BW for broilers receiving 3,736 μm. These differences in 7 to 14 d BW gain may be attributed to broilers presented an average particle size of 1,174 or 1,423 μm having a decreased consumption of feed from 7 to 14 d in comparison to other treatments; with the exception 3,456 μm, which consumed an intermediate amount of feed (P = 0.002, Table 6). Similar to FCR results, the current experiment suggests that average feed particle size presented from 7 to 14 d may be more important to improve 0 to 14 BW gain than particle size presented from 0 to 7 d. This improvement may be partially influenced by FI; however, this cannot be confirmed due to similarity in feed consumption of treatments receiving an average feed particle size of 1,883 μm or greater. Feed intake demonstrated a quadratic relationship, in which feed consumption increased as birds were fed increased particle size until 2,800 μm (P = 0.033, R 2 = 0.754, Table 6 ). These data obtained from Experiment 2 suggest that providing an average feed particle size of 2,257 μm or greater improves 0 to 14 d FCR by approximately 0.03. Additionally, providing an average particle size of 2,800 μm may improve 0-14 d BW gain by approximately 30 g. However, as demonstrated in Experiment 1, linear regression for 0 to 14 d FCR suggests that the optimal average feed particle size may be larger than 3,736 μm. This is an extremely large average particle size and is close to classification of a "pellet" (i.e., 4,000 μm) utilizing the classification outlined by Glover et al. [14] and Lemons and Moritz [15] . Furthermore, based on descriptive data in Table 2 , broilers provided the largest average particle size treatment of 3,736 μm actually received 76% pellets. Therefore, the authors of the current paper consciously chose to exclude the description of the FQ treatments utilized as "crumbles," the term most commonly used to describe starter feed, and instead used "average particle size" to describe FQ treatments.
While these data are contrary to the current belief, perhaps broilers are able to consume feed of larger particle sizes earlier than originally conceived. The authors speculate broiler chicks may be able to self-adapt to larger particle sizes as the starter phase progresses due to the deviations in the particle sizes presented. For Experiment 2, employing logarithmic functions [40] demonstrated 67% of particles ranged from 1,364 to 5,741; 1,901 to 6,295; and 2,182 to 6,382 μm for broilers receiving an average particle size of 2,800; 3,456; or 3,736 μm, respectively. Therefore, it is plausible that broiler chicks actively select smaller particle sizes during the early stages of the starter phase, then transition themselves with the presence of larger particle sizes allowing for associated improvements in day 0 to 14 performance. However, this may not be the case for each genetic strain due to differences in quantitative genetics. The current study only utilized Ross × Ross 708 male broilers; therefore, this claim cannot be confirmed for all genetic strains. Previously outlined research has demonstrated differences in the magnitude of performance benefits as a result of improving FQ in the starter phase, dependent on the genetic strain utilized [14, 15, [23] [24] [25] . However, the responses of FQ due to genetic strain are not completely known. Sellers et al. [16] demonstrated interactions between FQ and genetic strain for d 43 pectoralis major yield using Ross 708 and Cobb 500 male broilers. While performance interactions were not apparent for Sellers et al. [16] , it does demonstrate the potential for genetic strain to influence responses to FQ. Thus, future work relating to starter particle size should include different genetic strains.
Overall Summary
The current study supports feeding increased average particle size; although, the optimal particle size may differ based on the desired performance metric. However, gastrointestinal morphology data for both experiments did not suggest a mechanism(s) of action for improvements in performance. Based on the findings of Experiment 2, feeding an average feed particle size of 2,800; 3,456; or 3,736 μm yields a 30 g improvement in day 14 ending BW and 0 to 14 d BW gain. In regards to FCR, Experiment 1 suggests feeding an average feed particle size of 1,760 or 2,172 μm, whereas Experiment 2 suggests feeding an average particle size of 2,257 to 3,736 μm for a 0.03 improvement in 0 to 14 d FCR. However, due to linear relationships for regression and no performance detriment associated with feed of a large particle size (e.g., 3,736 μm), the primary objective of determining the optimal average feed particle size was not achieved in either experiment. Due to the improvements in performance associated with feeding chicks an average feed particle size of 3,736 μm (76% pellets), we believe broiler chicks may be able to consume pellets at an earlier age (≤14 d) than originally thought. This could have significant economic implications due to reductions in energy costs associated with the crumbling of pellets and improvements in feed throughput (due to not exceeding the crumbler capacity). However, further research must explore this possibility for determination of feasibility in a commercial setting.
CONCLUSIONS AND APPLICATIONS
feeding an average feed particle size of 2,800 μm or greater. 2. Future research is warranted to determine the potential to feed broiler chicks pelleted diets, due to improvements associated with feeding the 3,736 μm diet, which was compromised of 76% pellets, as well as to determine respective differences in 0 to 14 d starter performance utilizing different genetic strains. 3. Ileum pH and jejunum relative organ weight were impacted in Experiment 1; however, this impact was minor and not consistent between experiments. Therefore, the resulting mechanism(s) of action is unclear.
